The aim of this study is to report on the performance of a novel non-phosphorus antiscalant, acrylic acid (AA)-allylpolyethoxy carboxylate (APEC), being developed for calcium-sulfate scale inhibition in industrial water systems. The performance of AA-APEC on calcium-sulfate scale inhibition was compared with that of the two commercial inhibitors, polyamino polyether methylene phosphonates (PAPEMP) and polyacrylic acid (PAA), containing the same polyethylene glycol segments or carboxyl functional groups as AA-APEC. The study indicated that AA-APEC could act as a highly effective calcium sulfate inhibitor, having strong ability to inhibit the precipitation of calcium sulfate at a , and SO 4 2À all play important roles in inhibiting calcium-sulfate precipitation. The precipitation thermodynamics and kinetics at different temperatures were also discussed. X-ray diffractometer (XRD) and scanning electron microscope (SEM) analysis showed that AA-APEC strongly affected the texture and the morphology of the deposited calcium sulfate. Calcium sulfate has been inhibited through stabilization by adsorption onto crystal growth sites of nascent crystals altering their morphology.
INTRODUCTION
Calcium sulfate deposition from an aqueous solution appears in three different forms: calcium sulfate dihydrate or gypsum (CaSO 4 ·2H 2 O), calcium sulfate hemihydrate (CaSO 4 ·1/ 2H 2 O), and anhydrite (CaSO 4 ). The solubility of each solid decreases as temperature increases except for gypsum below 40 W C (Helalizadeh et al. ; Kim et al. ) . When it is precipitated from an aqueous solution, gypsum is preferentially formed at temperatures at least as high as 100 W C. The crystallization can occur if the calcium and sulfate ionic activity product is larger than the solubility product (Ks). Scale formation is usually controlled by altering system design, acidification, lime softening and demineralization, use of chelating chemicals and threshold inhibitors. Inhibitors which affect the nucleation rate, crystal growth, precipitated variety and crystals habit are the most widely used for controlling the deposition of scale. A chemical inhibitor (RPI 2000, polyacrylate) used to prevent calcium sulfate scale in a desalination unit reduced the crystal growth rate from 14 × 10 À4 to 3. and Oner et al. () showed respectively that, organic phosphate ester, aminophosphate, polyacrylate, and acidic acrylate (methacrylate) polymers once added in small quantities in solution, delay the precipitation onset and decrease the growth rate. The homogeneous precipitation of calcium sulfate was the subject of many studies on attempts to determine the thermodynamics and the kinetics of the process, and also to find appropriate chemical antiscale treatments (Shakkthivel et al. ; Tlili et al. ) . Most authors explained this inhibitory power by the adsorption of these additives onto crystal growth sites of nascent crystals, which altered their surface properties. The main scale inhibitors now applied are phosphonates and polycarbonic acids, with predominantly phosphoric and carboxylic acid. However, both the phosphorus and nonphosphorus carboxylic acid inhibitors have some disadvantages in application. For example, polyamino polyether methylene phosphonate (PAPEMP) was widely used to inhibit calcium sulfate and calcium carbonate scales (Gill ) , whereas PAPEMP also acts as the food for bacteria that can thrive in the phosphate environment (Koelmans et al. ) . In addition, in an aqueous solution, PAPEMP tends to be hydrolyzed to form orthophosphate which will combine with calcium ions to form an insoluble sludge of calcium orthophosphate. Another well-known scale inhibitor polyacrylic acid (PAA), as a representative of the polycarboxylates, has relatively good performances of the non-phosphorous inhibitors on calcium carbonate or calcium sulfate scale under conditions of certain range pH, while it can create insolubilization of polymer complexes in the presence of excessive amounts of calcium (Ghani & Al-Deffeeri ) . Therefore, it is necessary to develop a new type of non-phosphorus scale inhibitor with high inhibition under the simultaneous conditions of lower dosage of inhibitor, wider range of pH, higher calcium tolerance and environmentally acceptability.
Recently, a novel non-phosphorus copolymer, acrylic acid (AA)-allylpolyethoxy carboxylate (APEC) has emerged as an ideal water treatment agent in industrial water systems. It can simultaneously control deposits of calcium carbonate, calcium phosphate and oxides of iron, and allow the operation at higher pH without forming deposits with calcium or iron ions in the water (Fu et al. a) . However, few studies have been done on AA-APEC performance of inhibiting calcium-sulfate scales. In this paper, the ability of AA-APEC to control calcium-sulfate scales was examined, and it was also compared with that of inhibitors PAPEMP and PAA, representative phosphorus and non-phosphorus inhibitors, respectively. Also, the thermodynamics and the kinetics of the precipitation process of calcium sulfate scale were determined.
METHODS

Materials
The copolymer of AA-APEC (Mw ¼ 10,570) was lab prepared according to earlier publications (Fu et al. b) .
The two commercial inhibitors as calcium-sulfate antiscalants, PAPEMP (Mw ¼ 620) and PAA (Mw ¼ 1,000) were provided by Jiangsu Jianghai Chemical Co., Ltd. PAPEMP and PAA inhibitors contain polyethylene glycol (PEG) segments and carboxyl groups, respectively, and they are similar to AA-APEC inhibitor in structure. These inhibitors were introduced into the feed solutions as a 2 mg L À1 solution. The structures of PAPEMP, PAA and AA-APEC are depicted in Figure 1 .
Evaluation assay
Laboratory screening tests were carried out to determine the ability of inhibitors to prevent the precipitation of calcium sulfate from solutions according to the national standards of China concerning the code for the design of industrial water treatment tested were also prepared as the solution of 1,000 mg L
À1
and all solutions were prepared with distilled water. Screening tests were employed at the desired temperature by mixing 250 mL of each solution A and B with the examined dosage of inhibitor in capped bottles. Calcium ion concentration was determined by analyzing aliquots of the filtered (0.22 μm) solutions by using Ethylenediaminetetraacetic acid (EDTA) titration. The efficiency (%) of inhibiting calcium sulfate can be calculated as follows: However, in the dynamic experiment process, the solutions A and B firstly were kept in separate closed glass bottles at the desired temperature for 1.0 h to equilibrate their temperature. After that time, at the origin of times (t ¼ 0), these solutions were mixed in a balloon of 500 mL capacity immersed in a controlled bath temperature. To avoid the concentration of the solution by evaporation especially for the high temperatures, we condensed the vapor by means of a cooler. The rate of calcium sulfate precipitation was studied in the presence of chemical scaling inhibitors added to the CaC1 2 solution before mixing with Na 2 SO 4 solution. Calcium sulfate precipitates according to the following reaction (Ahmed et al. ):
Calcium sulfate precipitation kinetic was followed by measurement of the free Ca 2þ ions by EDTA titration as a function of time. We have calculated the supersaturation coefficient at t ¼ T S according to (Li et al. ) : 
where A ¼ 1.82 × 106(εT ) À3/2 , ε is the dielectric constant of water and T is the temperature in K. Ionic strength (I) can be calculated as follows:
where c i is the ion concentration (mol·L À1 ); Z i is the ion valence charge number. K S is the solubility product of calcium sulfate determined by the Marshall and Slusher equation (Marshal et al. ) :
where T is the absolute temperature (K). T S is the scaling time and T N is the induction time. At the end of the experiment, the scales were characterized by a Philips PW 1390 X-ray diffractometer (XRD) and S-3400N scanning electron microscope (SEM) from JEOL (Japan).
RESULTS AND DISCUSSION
Effect of the dosages of inhibitors
The performance of AA-APEC on calcium sulfate inhibition is depicted in Figure 2 , and it was compared with that of PAA and PAPEMP. The data in Figure 2 indicate clearly that there is a sudden increase in scale inhibition at a lower dosage for all inhibitors of PAPEMP, PAA, and AA-APEC. The efficiency increases with the dosages of AA-APEC until a concentration limit of 2 mg L À1 . This concentration is called threshold dosage. It also can be seen that, at their respective threshold dosages, calcium sulfate inhibition efficiency of AA-APEC is slightly greater than that of PAA showing approximately 83.6 and 82.7%, respectively, whereas PAPEMP exhibits the poorest calcium sulfate inhibition and the highest threshold dosage, which is 3 mg L À1 . All these results indicated that AA-APEC displayed the best ability to control calcium sulfate deposits amongst inhibitors investigated.
Effect of the solution properties
The effect of the solution parameters on the inhibitory power of PAPEMP, PAA and AA-APEC were investigated and depicted in Figure 3 . Under the conditions of 6.8 g L À1 Ca 2þ , 7.1 g L À1 SO 4 2À , T ¼ 70 W C, t ¼ 6.0 h and at a level of 2 mg L À1 , the value of pH was changed from 3.0 to 9.0. As illustrated in Figure 3(a) , the higher pH values seem favorable for the efficiency of inhibiting calcium sulfate. Moreover, AA-APEC showed superior inhibition at a pH of 5.0-9.0, whereas PAA and PAPEMP polymers provided a much lower inhibitory power than AA-APEC. As a result, AA-APEC can be used in a wider range of pHs. At pH ¼ 9.0, keeping other conditions unchanged, the influence of the temperature was investigated, as shown in Figure 3 the Figure 3(d) , it can be seen that at levels of 5.7-11.4 g L
À1
SO 4 2À , the inhibition power of PAA and PAPEMP polymers decreased dramatically, while the effectiveness of AA-APEC was mostly maintained. Compared to sulfate ion concentration, the influence of calcium ion concentration on the efficiency is much more serious. The data in Figure 3 showed that, compared with PAPEMP and PAA, AA-APEC has a superior ability to inhibit the precipitation of calcium-sulfate scale at lower dosage of inhibitor. And it can be used in the wider range of pH, higher temperature, and suitable Ca 2þ , SO 4 2À ions concentration in the water system. The inhibitor functional groups exhibit a significant impact on the inhibitory power in terms of controlling the scale precipitation. Compared with PAPEMP and PAA, the inhibitor AA-APEC belongs to the double-hydrophylic block copolymers which consists of one hydrophilic block designed to interact strongly with the appropriate inorganic minerals, and the other hydrophylic block that does not interact (or only weakly) with inorganic minerals and mainly promotes solubilization in water. The observed superior performance of AA-APEC should be attributed to its special structure.
Precipitation thermodynamics and kinetics
In order to evaluate the selected inhibitor efficiency against calcium-sulfate scale, germination-growth kinetics of the salt were observed in the presence of equal concentrations of inhibitors, either 2 mg L À1 at 30 or 70 W C. Figure 4 shows the temporal evolution of free calcium ion concentration after mixing the solutions with and without inhibitors. It was found that, from curve (a) to (d), the induction time increased and the growth rate decreased. The addition of the inhibitors, in the same conditions of temperature and supersaturation, prolonged the induction time. Three parts can be distinguished on these curves. The first, within t ¼ 0 and t ¼ T N (induction time), corresponds to the plateau of germination in which the concentration of free Ca 2þ remains constant. From T N , the crystalline growth stage of the formed germs begins, the free calcium ions decrease gradually until T S (scaling time). From T S , the precipitation rate becomes infinitely slow. According to the precipitation curves recorded, we determined the nucleation times T N , scaling time T S and the crystalline growth rate V ( thermodynamic study of parameter β showed that AA-APEC is the most efficient additive increasing the metastable domain, which can be explained by the specific affinity of the functional groups for Ca 2þ ions. AA-APEC is a structurally well-defined bi-block copolymer ( Figure 1) (Li & Kwon ) . Thus, CaSO 4 embryos are incorporated into the polymer matrix of AA-APEC, and they are coated with double layers of PAA (inner layer) and PEG (outer layer). As a consequence, the aggregation of CaSO 4 solid particles is blocked. Therefore, the existing minerals do not precipitate in the presence of AA-APEC through its excellent ability to disperse calcium sulfate scales. The fact that AA-APEC has excellent dispersancy activity towards precipitation of calcium sulfate can be further verified in the next section.
X-ray diffraction studies
XRD is one of the widely used nondestructive surface examination techniques (Yang et al. ) . The effect of the polymers on the morphology of the calcium-sulfate scale was examined and the structure of calcium-sulfate scales formed without and with inhibitors of PAPEMP, PAA, AA-APEC polymers are presented in Figure 5 . For calcium-sulfate scales, the 2θ values are consistent with those of CaSO 4 ·2H 2 O crystals (Ahmed et al. ) . In this case, the addition of polymer did not alter the crystal structure, as confirmed without alteration of 2θ values. Only the crystal habit or morphology was changed and only slight alterations in intensity values were observed, as shown in Table 2 . The Figure 5 and Table 2 indicated that the effect of AA-APEC on the texture of gypsum was in agreement with its prominent ability to control calcium sulfate deposits.
SEM studies
To characterize the deposits, samples were analyzed using a high resolution SEM ( Figure 6 ). It was found that pure calcium-sulfate deposits are regular rod-shaped crystals (Figure 6 (a)) which are similar to the literature reports (Shakkthivel et al. ) , while the addition of PAPEMP, PAA, and AA-APEC altered the morphology as indicated in Figure 6 (b-d), respectively. Amjad () studied the effect of polyacrylate on the formation of calcium sulfate dihydrate scales and claimed that the structures of the crystals are highly modified. SEM images indicated that the use of 2 mg L À1 AA-APEC has a profound effect on the calcium sulfate crystal morphology and size compared with those of PAPEMP and PAA. This fact suggests that the side-chain PEG segments of APEC and carboxyl groups of AA might play an important role during the control of calcium sulfate scales. SEM images in Figure 6 (d) also demonstrated that the copolymer of AA-APEC resulted in the formation of hobnail morphology structures thereby preventing the precipitation of calcium sulfate. It should be mentioned that the hypothesis of the inhibition mechanism is consistent with those of Ketsetzia et al. () , who reported that cationic polymers exhibited higher inhibitory performance resulting from the interactions between polycation (polymer) and polyanion (silica). The study of Tsortos & Nancollas () showed that the role of polycarboxylic acids as inhibitors of calcium-phosphate crystal growth was to bind calcium ions with polycarboxylates.
CONCLUSION
The study presents the high inhibition of calcium-sulfate scale by PAPEMP and PAA, and 
